Abstract. This paper introduces a method for the automatic conversion of the 3D mesh models into a set of the 2D patterns for producing physical copy-models. We consider the models that can be segmented into the near-developable parts. Each part is regenerated into the 2D patterns by decomposing it into a set of triangle strips and mapping them onto the 2D print plane. Mapping strips are done in two steps: 1) mapping onto the fixed plane in 3D; 2) mapping the flattened strips onto a print plane. The resulting strips are assembling in the flattened patches, or patterns, located in a common plane. A paper copy-model is produced by cutting and gluing the printed patterns. The paper presents a set of the developed algorithms which allow us to achieve the desired goal. To demonstrate the practicality of the proposed method we show the 2D patterns of several mesh models and their copy-models. Our research is connecting to producing the paper prototypes based on unfolding the given 3D computer models. The art of origami is the type of paper modeling. For this reason, we call our system "Origami 3D printer".
Introduction
Producing physical copies of the 3D digital models is an important stage in designing and manufacturing different conceptual designs and patterns from the given surface geometry. Designers and users will be able to examine a real object by hands for making better decision.
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Producing physical models can be laborious and expensive by using rapid prototyping systems.
Paper models can be suitable as prototypes if they satisfy users by accuracy and stability. The proposed approach is reduced to the problem of generating a set of unfolded sheets of paper (plastic, cloth, and other materials) that approximate the 3D model. The real potential of this technology is in the custom manufacturing and mainstream manufacturing space at every level of production. Basic sheet folding concept is that folding preserves intrinsic geometry (any curve on a sheet will have the same length before and after folding). In this paper, we introduce a triangle strip-based method for the automatic conversion of the 3D mesh models into a set of the 2D patterns for producing physical copy-models. The suggested method includes a set of the developed algorithms, allowing us to achieve the goal of our research. Here are two main steps of the method: 1) generating the 2D patterns from the given digital model; 2) printing, cutting, folding, and gluing generated patterns to construct the copy of the original model from paper or others' material. The first step includes segmentation of the original surface mesh model and 2D mapping the mesh elements in segments for forming the flat patterns for producing a paper copy-model. The proposed method can be used in various applications in Computer Graphics (CG), Computer Aided Design/Manufacturing (CAD/CAM), Reverse Engineering (RE). The paper copy-models can be recognized as the papercraft models and can be used as an inexpensive prototypes in shape modeling applications. The art of origami is the type of paper modeling based on designing the folding patterns. For this reason, we have built a system based on the proposed approach and called it the "Origami 3D printer".
The rest of the paper is organized as follows: Sections 2 and 3 present related works and an overview of the method. Sections 4, 5, 6 describe the algorithms that are used to layout the given 3D mesh model onto a sheet of paper or other materials. Experimental results are demonstrated in section 7. Section 8 presents conclusions.
Related works
Our research is connected to the study area that includes the papercraft modeling. It is based on producing the flat patterns from the developable parts of the given 3D digital mesh. Unfolding mesh models and developing papercraft models have been investigated and some methods have been proposed in this field of study. In papercraft models, which are simplified for quick assembling unfolded mesh models, many features are lost or added artificially. In [1] a new quasi-conformal parametrization method of segmented planar charts is proposed. Algorithm for segmenting a given mesh into explicitly developable parts is presented in [2] . The mesh is approximated by the set of cones and planes. A plane is assigned to each triangle face. Merging the neighboring faces is produced iteratively if they can be approximated by a part of cone or plane. This method is limited to cones and planes and creates best-fit cones that approximate the original mesh. These cones are not directly connected to the mesh and not triangulated at all. Large number of the 2D patterns is also a drawback of this method. A method for producing strip-based approximation segmentation of the mesh is proposed in [3] . This method manages to generate papercraft models. Approximation of meshes by a set of continuous strips but not by ruled surface such as parts of cones or cylinders without relying on curvature is a merit of this approach because partitioning free-form mesh models by means of its curvature is generally difficult. However, this method has drawbacks such as long and jagged boundaries of the strips that are difficult for cutting and gluing; the process is not automatic and simple shapes of the models are considered; the accuracy of the approximation is not good because of generation of zonal regions inside a mesh segment that removes original triangles from it. A practical approach to making papercraft from a mesh model is demonstrated by ABNET Corp. The flat unfolded simplified meshes are generated with patterns and printed on ordinary paper by using commercial software tool Pepakura Designer 3® [4] . A papercraft model in this case can lose smoothness. In [5] an algorithm of a piecewise developable approximation to a given 3D polygonal mesh is described. The input mesh is approximated by a set of generalized cylinders, which are a subset of the developable surfaces. In [6] authors suggest an approach to generate patterns on papercraft models to better represent the desired shape of objects by using printed patterns on simplified papercraft models to enhance the intended shape perception.
Part decomposition gains attraction since it simplifies the problem with multi-parts and complex objects into several sub problems each dealing with their constituent single, much simpler parts. Mesh segmentation has become an important step in model understanding and can be used as a useful tool for different applications, for instance, modeling and reverse engineering.
The approach, which we present in this paper, is based on developing the mesh segmentation algorithm that is suitable for the generation of the 2D patterns from the 3D meshes. A number of mesh segmentation techniques have been proposed recently. In [7] the survey and definition of generic algorithms for the major segmentation techniques is introduced. Existing methods are handling triangular meshes of segment models into surfaces instead of meaningful parts. In [8] an exhaustive overview of the 3D mesh segmentation methodologies examining their suitability for CAD models is presented. In the paper, a categorization of the existing 3D mesh segmentation methods is proposed and the basic conclusions about different methods are drawn.
The authors also present criteria and features used for each segmentation method. The paper [9] provides a comparative study of the latest algorithms and evaluation results. The authors conclude that each algorithm has benefits and drawbacks.
The future research works on the mesh segmentation will be useful. In the paper [10] , a new curvature-based algorithm, which segments the mesh into several regions is described. The authors extend the region growing algorithm to unstructured three-dimensional surface meshes.
After seed vertex selection and sorting the vertices by their filtered absolute curvature, regions are growing from each vertex in order of ascending curvatures. The algorithm makes removing small holes in the regions: all vertices not assigned to a region, but surrounded by region vertices, are assigned to their surrounding region. Estimation of surface features is a main part of the segmentation process and object recognition. In [11] authors present algorithm for splitting the input mesh into reliefs. They do this by using the set of defining vectors: the simplest case -the set of 6 vectors pointing along the coordinate axes of a cube. The choice of the basic vector is considered as an interesting problem which was not considered yet. The fast segmentation algorithm from [12] divides a polygonal mesh into the color regions (segments) of mesh elements with normals that correspond to the direction vectors which defined by normals of the faces of the Platonic solid. The research in [13] is focused on the planar, cylindrical, conical, spherical, extrusion surfaces, ruled surfaces, surfaces of revolution, toroidal, filleted surfaces.
A mesh segmentation method for producing high-quality shape partitioning is presented in the paper [14] . It respects fine shape features and works well on various types of shapes, including natural shapes and mechanical parts. The method combines clustering mesh normals with a modification of the mesh chartification technique. For clustering of the mesh normals a meanshift algorithm has been adapted. Mesh segmentation often needs an improvement, for instance, straightening boundary curves of segments. In [15] the method to improve boundary curves based on triangle subdivision and graph cut is presented. Geodesic curves are applied for straightening the segment boundaries. There are many mesh segmentation techniques. All of these techniques have their advantages and their drawbacks. More effective way for achieving the research goal is to combine and improve the various segmentation methods. In the present paper, we demonstrate the region-growing segmentation technique, which includes a step of the point clustering.
Overview of the method
The goal of our research is to create automatically the 2D patterns for producing the physical copy of the 3D digital model with preserving the original shape. Our approach is based on the idea that the 3D surface mesh can be partitioned into strips of mesh elements which approximate the surface and unfolded onto 2D space with no distortion. A copy-model of the original digital model is produced by cutting and gluing the printed patterns according to the instruction manual, which is compiled on the basis of a pattern-ordered graph, or a pattern-net.
Triangles are more common type of the mesh elements for a shape approximation. Because triangles are assumed to be two-dimensional plane, the accurate rotation of them on the 2D space is satisfied. Using quadrilateral meshes is possible also. The quadrilateral mesh can be converted into a triangular one before applying the proposed method. Approximation accuracy is guaranteed by using rigid transformation of strip's triangles onto 2D plane from the given 3D mesh segments that allows us to preserve a shape and size of the original 3D model. For the big (for instance, more than 50000 elements) size models simplification technique based on minimization of bending energy as a decimation cost is applied in [16] . By this technique the surface folding effect is minimized with optimizing length of mesh edges. The volume of an original model is conserved with a preservation of the smoothness of a surface.
We have developed a set of the algorithms for achieving the goal of the research. As an input data we use a 3D polygonal/triangular mesh. The output data is a set of the 2D patterns of the given model. Our method can be applied to non-limited types of surfaces with good approximation of the original model.
We suggest three stages approach:
-the fast mesh segmentation technique for partitioning the 3D surface mesh into near-developable parts;
-stripification of the triangular mesh in segments;
-mapping the triangle strips onto the 2D print-plane and forming the 2D patterns.
Major contributions of this paper are:
-the mesh segmentation algorithm that includes the point clustering step and flattening segments of the 3D surface meshes by mapping the triangle strips onto the 2D plane; -building the linkage between the 2D patterns by designing the pattern-net based on a graph connectivity of the mesh segments.
Mesh segmentation
A segmentation algorithm that enables the creation of copy-models is suggested in this paper.
The target of the segmentation process is partitioning the given surface model into the developable or near-developable surfaces. Developable surface is a surface that can be flatten to a plane without the distortion. The mean-shift algorithm can make sure we get the segment as plane as possible. In this paper, we can extract some other developable surfaces such as cones, cylinders and etc. in the cluster merging step. We apply clustering technique for grouping large data into meaningful groups, or subsets, using some measure of similarity (a distance), which will be described below.
Our approach is based on clustering the normal vectors of the triangles in a mesh. Each normal vector in 3D space coordinates can be represented as a 3D point on the unit sphere by using the projection operation that allows us to simplify the calculation process for finding the distance between the mesh elements. The number of point clusters is minimized by merging clusters using cluster analysis method and topological connection approach. Each point cluster is associated with a cluster of triangles that is partitioned into the mesh segments by using a region-growing technique.
The proposed algorithm contains following steps:
1. Generating clusters of the points. The normal vectors of the given mesh elements are calculated and then the points in 3D space, which are defined by the projection of the normalized vectors on the unit sphere, are generated; 2. Generating the point clusters. We apply the mean-shift procedure for finding the density centers. Clusters are presented by a set of the generated points that are closed to each density centers according to the normal vector' differences; Below, we present a clustering and segmentation techniques, which are used in our research.
Mean-shift filtering. Mean-shift [17] is a powerful and versatile nonparametric iterative algorithm that can be used for a lot of purposes like finding modes, clustering, and etc. Mean-shift considers the set of points as sampled from the underlying probability density function. Dense clusters, which are presented in the feature space, correspond to the mode (or local maxima) of the probability density function. In the proposed paper, Gaussian kernel is used as the kernel density estimation function. P c0 is defined as an initial center of the point cluster. A new center of the cluster P cn is calculated as:
where
and G ic0 is the Gaussian kernel that is formulated as:
where D ic0 is a distance between cluster points P i and the cluster center P c0 . The clustering result is influenced by the bandwidth h of the density estimation method. We set a fixed value as h=0.3 for the models in the experiments.
Merging clusters. Merging clusters is based on the application of two approaches. The first one is Ward's minimum variance method [18] . This method is a sequential procedure: at each step two clusters are merged to lead to an increase in the minimum objective function (the sum of squared distances between each point and the average for a cluster). When two clusters I and J are merged, the merging cost ∆ is calculated as: The similarity is measured by the density of the points in the path between I and J. The variance is calculated by the equation:
where D Region-growing segmentation method. The concept of a region-growing method is to start with a point that meets a detection criterion and to grow the seed point in all directions to extend the region.
In region-growing technique the segmented areas are generated by the expansion of distinct seed triangles. In [20] a mesh region is defined as a set of topologically connected vertices.
The seed regions are grown based on the initial size of the labeled region originated from the largest labeled regions growing first. The region-growing algorithm tries to maximize the number of topologically adjacent vertices that can be closely approximated by a single underlying surface.
In the presented paper, a line-based region-growing technique for the image segmentation from [21] was adapted for partitioning the polygonal meshes. A compact stack (data structure)
that is called a line-based structure was developed. The structure holds the information about only the starting and ending triangles in the generated triangle lines that allows decreasing the memory storage space during the segmentation process and improving the computation efficiency considerably. In the proposed segmentation algorithm, the growing process is produced according to the topological connections between a seed triangle and triangles which are neighbors to it. The seed triangle is randomly selected. A triangle lines are constructed from this triangle based on the direction path between neighboring triangles according to the proposed "ZigZag" rule. According to this rule, sharp turns in alternating directions are generated. The region-growing loop adds triangles to the region according to selecting path forming the triangle line. We have compared running times between the line-based approach with a 3-neighborbased region growing algorithm for the same segment of the model (it is not shown). Accurate results of the running time and stack size are presented in Table 1 . Line-based technique demonstrates the reduction of the stack size and computational time. Fig.1 illustrates the segmentation steps and the segmentation results for the given mesh models.
(a) (b) Improving boundaries of segments. In this step of the segmentation algorithm, we improve the quality of the segment boundaries in the automatic segmentation by straightening boundaries which are often jagged. Our approach (Fig. 2) is based on adding new points on the original edges of the boundary triangles. New points are defined as the points of the intersection of geodesic curves and the given mesh edges. A local remeshing in zones connected to the boundaries of segments is produced according to the cross points and the mesh vertices. 
Triangle strip mapping
In this section, we present the algorithms that were developed for triangle strip mapping procedure.
Triangle strips generation. Each segment of the given mesh model is decomposed into a set of triangle strips. A triangle strip is considered as a sequence of triangles, in which neighboring triangles share an edge. The triangle strip is generated by finding the space curve or direction path passing through the centroids of triangles and has a minimum curvature. This approach is realized by using the direction vectors. The direction vector is defined as a vector that indicates the direction between centroids of the neighboring triangles. The "ZigZag" rule defines an order of a generation of the strips in the given mesh segments by calculating the angles between the vector, which is already existed in the strip, and the possible direction vector in the current triangle neighborhood. The smaller angle defines a sharp turn in the direction path that corresponds to the suggested rule. A starting triangle is selected from the triangle list of the boundary of a segment. Neighboring triangle of the ending triangle in the generated strip is considered as a starting element for a new strip. Another strip generation technique that is called the "Spiral" is proposed in this paper (see Fig.3 ). This approach is based on the generation of the triangle layers in the given mesh segment. The initial layer is formed starting from the arbitrarily chosen boundary points of the mesh segment. These points or vertices belong to the triangles, which form a first layer. Every next layer is constructed from the boundary points of the previous layers. The process is repeated until boundary points for forming the layer could not be found. For reducing a number of the triangle strips in segments the "tunneling" algorithm from [22] is adapted. This approach is used to build a good stripification of the meshes and is based on a construction of a dual graph whose vertices represent the triangles of the mesh. The mesh triangle strip is considered as a sequence of adjacent triangles and nonadjacent triangles are interior-disjoint. The suggested "tunneling operator" allows reducing the number of strips. A tunnel in the dual graph is an alternating sequence of the strip and non-strip graph edges, which starts and ends with nonstrip edges and connects two nodes with fewer than two adjacent strip edges. In the dual graph, strip edges become nonstrip edges and vice versa; a number of strips is reduced by one strip by complementing the status of each edge on the tunnel. Breadth-first search is used in the graph to find the shortest path of alternating edges to another node at the end of a strip starting at the source node on the end of a strip. The "tunneling" algorithm allows decreasing the number of triangle strips in the segments and producing much better stripifications, but it is a time consuming procedure. For instance, the "tunneling" the mesh segment with a number of elements is equal to 1889 and a number of strips is equal to the initial 211 takes about 12 min. In this case, the resulting number of the triangle strips is 46. Implementation of the "tunneling" algorithm is shown in Fig.4 . Mapping technique. A planar mesh parameterization (or surface flattening) is an important tool for modeling 3D objects from sheets of materials in applications that require the computation of the planar patterns to form the desired 3D shapes. Typically, models are first segmented into the near-developable charts, and these charts are then parameterized in the plane [23] . Distance-preserving parametrization can be used only for developable surfaces with zero Gaussian curvature and aims at minimizing linear distortion. The "as-rigid-as-possible shape manipulation" algorithm which can be used for the surface flattening is presented in the paper [24] . This algorithm minimizes the distortion of each mesh triangle during the mesh defor- Basic steps of the algorithm. For triangle strips of the mesh segment:
1. Selecting the starting triangle in a strip and defining a normal vector of the starting triangle T 1 T 2 T 3 for defining a fixed plane (Fig.5 (b) );
2. Calculating the angle of rotation θ between the normals of the fixed plane and the second triangle in a strip (Fig. 5(c) );
3. Rotation of a "Free" vertex D of the second triangle onto the fixed plane at the angle θ around the common edge BC (the axis of rotation) with the starting triangle (Fig. 5(c) ).
The "Free" vertex is a vertex of the triangle, which does not belong to the common edge of the neighboring triangles in the strip.
Steps 2 and 3 are repeated for all triangles in the strip;
4. Rotation of the triangles on the fixed plane onto a print-plane by the rotation matrix.
In this case, the angle of rotation θ is defined as an angle between normals of the printplane and the fixed plane. The axis of rotation is defined as a line of the intersection between the fixed and print-planes.
The coordinate transformation of the "Free" vertex is presented by the rotation matrix as follows:
where u, v, w are unit vectors codirectional with x, y, z axes; θ is the angle of rotation. The correctness of the location of each rotated "Free" vertex on the fixed plane is checked by the calculation of a cross product. The cross product vector should be oriented in the same direction for all rotated triangles.
Forming the 2D patterns
Forming the 2D patterns procedure includes following steps:
Triangle strips assembling. Flattened triangle strips generated in each mesh segment are assembled into a single polygon, or a pattern, on the print-plane. Automatic merging strips into the pattern is produced by technique based on merging neighboring strips according to the strip's boundaries control points. Control points are defined as the vertices of triangles in the strips. If strips have the common identical control points then strips are defined as the neighbors and can be merged (see Fig.6(a) ). Distortion metric. The error between the original model and its copy-model should be small.
Our goal is a global surface model area preservation during the 3D surface flattening. In [30] the value of the total surface area of the 3D given model approximated by triangles and the value of the total surface area after mapping mesh segments onto the 2D plane should have the minimum difference. The surface area distortion E area is calculated by the expression: Table 2 , demonstrate a perfect preservation of the surface areas of the given 3D mesh models with the mostly neardevelopable parts. In this case, the overlapping areas are not generated.
Detection of the overlapping regions. The triangles, which are in the same plane, may or may not overlap/intersect. The commom (overlapped) area of two triangles can appear during the mapping procedure. In this stage, we detect the overlapping regions between triangles in the merged strips (Fig.6 (b) ). Overlapping is detected by the intersection of triangles. The algorithm from [26] for checking 2D line intersection is applied. Based on the intersection results the area of the overlapping region in two triangles is computed. A number of the 2D patterns depends on the number of the overlapping areas. For decreasing the number of the patterns, we use the threshold parameter α that defines the maximum allowable percentage of the overlapped area.
A ratio between the overlapped area and the area of each of triangles defines a percent value ε that is calculated as ε = max
where A is the area of the overlapped parts of the triangles, T 1 and T 2 are the areas of the intersected triangles. If ε is less than α then these overlapping cases are ignored else the algorithm described below is applied: the triangles in the overlapping region are extracted from the one of the overlapping strips and glue area around the patch is generated according to the two-dimensional convex hull; at the stage of a copy-model production, all separated patches are cut and connected with their main patterns by gluing (Fig.6(c) ). Table 3 presents the calculation results for the free-form model "Moai" with the overlapped areas and area distortions. The results demonstrate a good surface area preservation. In this paper, α is defined as 10% according to the experimental results. Designing a pattern-net. Algorithm for designing a pattern-net for producing a copy-model (see Fig. 7 ) provides the connectivity between the 2D patterns corresponding to the 3D mesh segments. A method of converting objects in a virtual world into a paper representation of the model, as a form of a hard copy, is discussed in [27] . The reverse process of refolding the objects based on the folding net offers a great potential for the field of the 3D object digitization.
Our algorithm is developed for the construction of a connectivity graph of the 2D patterns and based on defining connections between the 3D segments. Each 3D segment and each link be- segments. This structure is used as an instruction manual for users by which they can produce the paper copy-model. We consider a weighted connected graph G with n nodes. Kruskal's algorithm is implemented for finding minimum spanning tree for G [28] . This algorithm is conceptually quite simple. The goal of Kruskal's algorithm is to find a minimum weight set of edges that connect all of the vertices. The edges are selected and added to the spanning tree in increasing order of their weights. An edge is added to the tree only if it does not create a cycle.
The procedure terminates after adding |V-1| edges. Time complexity of the algorithm is O(E log V). This approach allows us to find the optimal sequencing of the patterns for producing the copy-models.
The edge weights for Kruskal's algorithm are defined by using symmetric Hausdorff metric. Firstly, the distances d between the point p (the centroid of a triangle) in one mesh segment S i and another segment S j are calculated as :
where d(p, p j ) is the Euclidian distance between two points in R 3 [29] .
The symmetric Hausdorff metric h(S i , S j ) between two segments is defined as:
The reason to use this metric (6) in our method is that it gives an accurate measure of the distance between two segments. 
Experimental results
In this section, we demonstrate the experimental results of the proposed method for several 3D mesh models (Figs.8-13 ). In Fig. 8 the copy-model of the model "Fandisk" is compared with the 3D papercraft model and patterns from [2] . Our results show decreasing the number of patterns. 
Conclusion
In this paper, the automatic approach for the decomposition of the 3D polygonal meshes into the disjoint 2D patches is presented. Each patch is considered as an unfolded 2D pattern for producing a physical copy-model from paper, thin sheets of plastic, and etc. The paper patterns are connected by using glue tabs. In the same time using the adhesive tapes and "locks" as a possible alternative for assembling the printed patterns is under consideration. The approach is based on the triangle strips generation on the original meshed model and can be applied for the complex mechanical CAD and reversing models with different types of surfaces. We demonstrate a set of the developed algorithms for achieving the goal of the research. Approximation accuracy is guaranteed by using the generated triangle strips on the given 3D mesh segment and the rotation of the strip's triangle elements into 2D space which allows preserving the shape and the size in the copy-model. In comparison with the previous works the proposed approach is based on the original mesh models without modification and conversion them to the developable surfaces. Overlapping of two triangles, which appears during the forming a 2D pattern, is solved based on the procedure that includes: extracting the triangles of the one of the strips in overlapped region, generating them into the separated patches and gluing patches to the main patterns.
However, our described approach is good for the models that can be segmented into the near-developable parts such as the "Fandisk" and "Blade". For the models with more complicated geometries, the segmentation and the triangle strip generation stages are the time consuming. For instance, the time complexity of mean-shift algorithm is O(Tn 2 ), where T is the number of iterations, n is the number of mesh elements. The "tunneling" algorithm is also a time consuming procedure as it was shown in section 5. Additionally, the number of the segments of the complex models is big also. For instance, for the complex mesh model with 96966
triangles the time for mean-shift segmentation is 708.207 seconds and the number of meanshift segments is 852. After overlapping detection ,7554 2D patterns are generated. The calculation time of the triangle strip mapping is 770.876 seconds.
In the future, we would like to offer better tools for copy-models producing based on a modification of our algorithms for the segmentation, merging the segments. To accelerate the production of the copy-models the new algorithms for parallel calculations of the mesh segmentation and triangle strip generation will be considered at the next stage of the research based on applying parallel computing architecture CUDA. CUDA is the computing engine in NVIDIA graphics processing units (GPU). In this paper, we cannot demonstrate results for the 3D models with a big number of the mesh elements. For the big (for instance, more than 50000 elements) size models the simplification technique from [16] can be applied.
To demonstrate the practicality of the proposed method we present the 2D patterns of several mesh models and their copy-models. The proposed method is posing new abilities in modeling objects on a CAD system or in Reverse engineering working with a set of scattered data, which allow users to make the best decision and avoid the costly mistakes. The suggested technique can be applied for various types of models when the precise reproduction of the original model is necessary.
